When memories are retrieved they become labile, and subject to alteration by a process known as reconsolidation. Disruption of memory reconsolidation decreases the performance of learned responses, which is often attributed to erasure of the memory; in the case of Pavlovian learning, to a loss of the association between a conditioned stimulus (CS) and unconditioned stimulus (US). However, an alternative interpretation is that disrupting reconsolidation does not erase memories, but blunts their emotional/ motivational impact. It is difficult to parse the predictive vs. emotional/motivational value of CSs in non-human animals, but studies on variation in the form of conditioned responses (CRs) in a Pavlovian conditioned approach task suggest a way to do this. In this task a lever-CS paired with a food reward (US) acquires predictive value in all rats, but is attributed with emotional/motivational value to a greater extent in some rats (sign-trackers) than others (goal-trackers). We report that the post-retrieval administration of propranolol selectively attenuates a sign-tracking CR, and the associated neural activation of brain "motive circuits", while having no effect on conditioned orienting behavior in sign-trackers, or on goal-tracking CRs evoked by either a lever-CS or a tone-CS. We conclude that the disruption of reconsolidation by post-retrieval propranolol degrades the emotional/motivational impact of the CS, required for sign-tracking, but leaves the CS-US association intact. The possibility that post-retrieval interventions can reduce the emotional/motivational aspects of memories, without actually erasing them, has important implications for treating maladaptive memories that contribute to some psychiatric disorders.
INTRODUCTION
When memories are retrieved they become subject to modification by a process known as reconsolidation. During the reconsolidation "window" memories can be altered-updated, enhanced, or disrupted-by manipulations of molecular mechanisms of plasticity and memory stability [1, 2] . There has been considerable interest, therefore, in the possibility of disrupting the reconsolidation of maladaptive memories to treat disorders such as post-traumatic stress disorder and addiction [3] [4] [5] . However, it is still unclear exactly what aspects of memory are affected when reconsolidation is disrupted.
In Pavlovian learning, commonly used to study reconsolidation, the dominant view is that the association between a conditioned stimulus (CS) and unconditioned stimulus (US) is strengthened, modified, or erased. Thus, in the case of erasure, the ability of the CS to predict the US is lost [3, 6, 7] . This interpretation comes largely from Pavlovian fear conditioning studies in animals, in which the disruption of reconsolidation is manifest by a decrease in the ability of a CS to evoke a simple conditioned response (CR), such as freezing [1, 2, 8, 9] . However, studies of fear conditioning in humans suggest that disruption of reconsolidation may not actually erase memory. For example, the post-retrieval administration of the β-adrenergic antagonist propranolol reduces the expression of a conditioned fear potentiated startle response in humans, but the participants' declarative expectation that shock follows the CS remains intact [10, 11] .
This dissociation between an intact declarative memory of the CS-US association, but a decrease in a CS-evoked CR, raises the possibility that disrupting reconsolidation may not erase memories, but rather, may degrade the emotional/motivational impact of the CS [12] . Thus far, this idea has not been investigated in the context of appetitive learning, in any species. It is, of course, difficult to parse the predictive vs. emotional/motivational components of a memory in animals, but studies using an appetitive Pavlovian conditioned approach task provide a way to do this [13, 14] . When a lever-CS is paired with a food US, the lever-CS itself becomes attractive in some rats, and they begin to approach it (sign-trackers, "STs" [15] ), whereas in other rats the lever-CS evokes a CR directed toward the location of impending food delivery (goal-trackers, "GTs" [16] ). In addition, the lever-CS is a more effective conditioned reinforcer [17] , more effective in reinstating reward-seeking [18, 19] , and its presentation more strongly engages brain systems that confer emotional/motivational value to CSs, in STs than GTs [20] [21] [22] . Thus, the lever-CS is equally predictive in STs and GTs, it evokes a CR in both, but it additionally acquires emotional/motivational value, and the ability to act as an attractive and desired incentive stimulus, to a greater degree in STs [14] .
There are individual differences in susceptibility to disruption of reconsolidation [6, 23, 24] , and we asked whether these might be due, at least in part, to variation in the propensity to attribute motivational value to a CS. We hypothesized that if disrupting reconsolidation with propranolol erases the CS-US association, then the ability of a lever-CS to evoke both ST and GT CRs should be disrupted. In contrast, if post-retrieval propranolol blunts the emotional/motivational value of a lever-CS, but leaves the CS-US association intact, then it should selectively disrupt the performance of a ST CR, and the ability of the CS to activate brain regions that confer emotional/motivational value to CSs in STs.
METHODS
See SI for detailed methods.
Male Sprague-Dawley rats were used in all experiments.
Exp. 1. The effect of post-retrieval propranolol on ST and GT behavior Rats were trained for 5 days (25 trials/day) on a well-characterized Pavlovian conditioned approach task, in which an illuminated lever (the CS) was presented for 8 s, and immediately following its retraction a banana-flavored food pellet (the US) was delivered into an adjacent food cup, on a VT 90 (30-150 s) schedule [25] . Based on their performance rats were classed as STs, who preferentially approached the lever-CS during the 8 s CS period, or GTs, who instead approached the food cup, using an index described by Meyer et al. [25] . The sessions on days 6 and 7 served as retrieval sessions and were identical to initial Pavlovian training, with the exception that immediately after the end of the session, and before being returned to their home cages, animals received an intraperitoneal (IP) injection of either the β-adrenergic antagonist, propranolol, or saline. The effect of propranolol was then tested on one additional test day (day 8), the same as during training.
Exp. 2. Non-retrieval control To determine if memory retrieval was required for propranolol to disrupt reconsolidation a non-retrieval control procedure was used. For this experiment rats were not placed into the conditioning chambers on days 6 and 7, but remained in their home cages, where they received an IP injection of either propranolol or saline at the same time of day as their previous conditioning sessions, and the effects of propranolol assessed on a final session on day 8.
Exp. 3. The effect of post-retrieval nadolol on ST and GT behavior Nadolol has the same peripheral effects as propranolol but does not cross the blood-brain barrier, and was thus used to determine if the effects of propranolol on reconsolidation were due to peripheral effects (e.g., sympathetic arousal) or due to effects on β-adrenergic antagonism in the brain. Procedures were identical to those described for Exp. 1, with the exception that animals received nadolol or saline.
Exp. 4. Video analysis of behavior in STs
This experiment was conducted as Exp. 1, but only STs were used, and in this experiment behavior on day 8 was additionally scored by inspection of videos. Three behaviors were quantified: (1) an orienting response; (2) an approach response; and (3) a lever deflection (computer-scored).
Exp. 5. The effect of post-retrieval propranolol on GT behavior evoked by a tone-CS All Pavlovian training sessions (days 1-5), retrieval and postsession injections (days 6-7), and test session (day 8) were identical to those in Exp. 1, with the exception that a tone-CS (2.9 kHz, 70 dbs), instead of a lever, was presented for 8 s prior to delivery of the food US.
Exp. 6. The effect of post-retrieval propranolol on GT behavior evoked by a tone-CS in STs and GTs Pavlovian training sessions (days 1-5) were identical to those described above using a lever-CS to classify rats as STs or GTs.
Following this, all rats were additionally trained for 5 more days to associate a tone-CS (2.9 kHz, 70 dbs) with the food US (days 6-10), followed by retrieval and post-session injections (days [11] [12] , and test session (day 13), as in Exp. 5.
Exp. 7. c-Fos evoked by lever-CS in GTs, STs, and STs treated with propranolol Rats were assigned to "lever paired" (n = 28) or "lever unpaired" (n = 7) groups, and then trained as described in Exp. 1, except rats in the unpaired group, for whom the 25 lever-CS presentations and 25 US presentations occurred independently (on separate VT 90-s schedules). Sessions 6-8 served as retrieval sessions, and STs and unpaired animals received a post-session injection of either propranolol or saline. All GTs received saline. After habituation to the context alone for 4 days [21, 22] , on the test day (day 13) animals were placed into the test chamber for 5 min and the CS was presented 10 times (4 s each), one per minute (no US), and then returned to their home cages for 60 min before their brains were obtained and processed for c-Fos+.
Exp. 8. The ability of a tone-CS to evoke c-Fos This experiment was conducted as per Exp. 6, with a separate cohort of animals. A tone-CS was Paired or Unpaired with presentation of the food US for 8 days, followed by 4 context extinction sessions. On the test day (day 13) all animals received 10 tone-CS (4 s each) presentations, once per minute (no US), and 60 min later brains were obtained and processed to examine c-Fos + cells.
RESULTS
See SI for statistics.
Exp. 1. Disruption of reconsolidation by propranolol selectively decreases ST behavior Across training days 1-5, animals classified as STs engaged the lever-CS significantly more than GTs ( Fig. 1c-e ), whereas animals classified as GTs interacted with the food cup significantly more than the STs ( Fig. 1f-h ; see SI). When given after memory retrieval on days 6 and 7, propranolol significantly reduced lever-directed behavior in STs ( Fig. 1c-e ; treatment × session; contacts: F 2,102 = 9.26, P < 0.001; probability: F 2,65 = 9.07, P < 0.001; latency: F 2,68 = 10.50, P < 0.001). In contrast, post-retrieval propranolol had no significant effect on GT behavior in GTs ( Fig. 1f -h; contacts: F 2,102 = 0.33, P = 0.72; probability: F 2,72 = 0.17, P = 0.85; latency: F 2,69 = 0.62, P = 0.54). Thus, post-retrieval propranolol selectively decreased the performance of a ST CR in STs while having no effect on the performance of a GT CR in GTs.
Exp. 2. Disruption of reconsolidation by propranolol requires memory retrieval
The acquisition of ST and GT behavior was similar to Exp. 1 ( Fig. 2a-c) . The administration of propranolol without memory retrieval had no effect on lever-directed behavior in STs on day 8 ( Fig. 2b, c ; Fig. S1 A-D; no treatment × session interaction; contacts: F 1,30 = 0.148, P = 0.703; probability: F 1,30 = 0.222, P = 0.641; latency: F 1,30 = 0.003, P = 0.959), or food cup-directed behavior in GTs ( Fig. 2b, c ; Fig. S1 A-D; no treatment × session interaction; contacts: F 1,30 = 1.831, P = 0.186; probability: F 1,30 = 0.003, P = 0.957; latency: F 1,30 = 0.731, P = 0.399). Therefore, memory retrieval (achieved by placement into the test chambers prior to propranolol administration on days 6 and 7 in Exp. 1) was necessary for propranolol to disrupt ST behavior.
Exp. 3. Nadolol does not disrupt reconsolidation
The acquisition of ST and GT behavior was similar to Exp. 1 ( Fig. 2d-f ). In contrast to propranolol (Exp. 1), nadolol, which does not cross the blood-brain barrier, had no effect on lever-directed 
Exp. 4. Propranolol disrupts reconsolidation of ST, but not conditioned orienting in STs
To further determine whether the CS-US association remained intact in STs despite reduction of the ST CR, we examined conditioned orienting behavior. Although only STs approach into close proximity to the CS, and engage with it, both STs and GTs develop a conditioned orienting response to a CS that predicts either food or drug, and this CR does not appear to reflect the motivational value of the CS [22, 26] . Between acquisition days 1 and 5, STs that received paired presentations of the CS and US showed an increase in the number of lever contacts (deflections; Fig. 3a , left) and a decrease in the latency to contact the lever (Fig. 3b, left) , as measured automatically, and there were no differences in the groups to Fig. 1 Disruption of reconsolidation by propranolol selectively decreases STs. a Illustration of lever-directed behavior (sign-tracking; left) and food cup-directed behavior (goal-tracking; right) during the presentation of a lever-CS. b Experimental timeline indicating that the injections were administered after retrieval sessions on days 6 and 7. c-e Lever-directed behavior, and f-h food cup-directed behavior, in all groups across sessions 1-8 (sessions 1-5, training; sessions 6-7, retrieval; and session 8, test). Gray bars represent the administration of propranolol (PROP) or saline (SAL) injections after sessions 6 and 7. Data represent mean ± SEM. *P < 0.01, **P < 0.001 (relative to session 6) Fig. 2 Disruption of reconsolidation by PROP requires memory retrieval and action in central nervous system. a Experimental timeline indicating that injections were administered in the home cage, with no retrieval sessions. b Probability of making a lever contact. c Probability of food cup-directed behavior across sessions 1-8. Note on the right, behavior on the test day (day 8) is compared to that on the final training day (day 5) because no behavioral testing was conducted on days 6 and 7. d Experimental timeline. e Probability of making a lever contact. f Probability of food cupdirected behavior across sessions 1-8, as described in Fig. 1 . NAD nadolol. Data represent mean ± SEM receive propranolol or saline. Figure 3e -g shows further analyses of the animals' behavior, incorporating data obtained from videos, and comparing paired and unpaired groups. Figure 3e shows that the probability of contacting the lever (measured automatically as a lever deflection), making a video scored approach response (did not require lever deflection), and video scored orienting response increased in paired, but not in unpaired groups, over the 6 days of training. The high level of orienting to the lever on the first day of Fig. 3 Propranolol disrupts reconsolidation of ST, but not conditioned orienting. Lever-directed behavior (a contacts and b latency) across sessions 1-8, as described in Fig. 1. c, d Heat map representations of the number of lever contacts and latency to contact the lever during each of the 25 trials on test session 8. e, f The probability of making a lever deflection (e), an approach response (f), or an orienting response (g) on the first (day 1), last (day 6) training day, and on final test day 8, in STs after treatment with propranolol (PROP) or saline (SAL), and in unpaired animals. *P < 0.05, **P < 0.001 (relative to session 6)
training was due to stimulus novelty. Nevertheless, the comparison between the unpaired and paired groups over days of training indicates that by day 6 orienting behavior represents an acquired CR (Fig. 3g) . As in Exp. 1, post-retrieval propranolol decreased the number of lever contacts and increased the latency to contact the lever in these STs, measured automatically (Fig. 3a, b, right) . Post-retrieval propranolol also decreased the probability of a lever deflection (contact) (Fig. 3e) and making a video scored approach response (Fig. 3f) during the CS period. In contrast, propranolol had no effect on conditioned orienting behavior (Fig. 3g) . These data suggest that even in STs treated with propranolol the CS-US association remained intact, as it continued to evoke a conditioned orienting response, even as it attenuated ST behavior measured by lever deflections and approach.
The magnitude of decrease in the number of computer-scored lever contacts (deflections; Fig. 3e ) was much greater than the decrease in the number of approaches scored from video (which did not require a lever deflection, Fig. 3f ). The typical pattern of behavior for STs in the saline-treated group was to initially orient to the lever upon presentation, and then rapidly approach, immediately contact, and vigorously engage it (primarily biting it), as reflected in the computer-generated data (see SI Videos). However, this level of engagement with the lever was diminished in propranolol-treated STs. Upon lever presentation some propranolol-treated STs would orient and stare at it for the remainder of the CS period, without contacting it. Others continued to approach the lever, albeit more slowly, but rather than engaging it vigorously like control rats, they would sniff around the lever and perhaps delicately investigate it with their front paws. Sometimes, but not always, this resulted in a computer-scored lever deflection. Thus, the greater decrease in the probability of approach indicated by automated scoring compared with approach quantified by video analysis was because many propranolol-treated rats continued to approach, but not vigorously engage or deflect, the lever-CS. Importantly, behavior during the CS period remained focused on the lever-CS and the rats did not begin to goal-track (see Fig. S3 ).
Trial-by-trial analysis of behavior on day 8 also revealed important group differences. On day 8 rats in the saline control group continued to approach the lever rapidly (Fig. 3d) , and engaged it vigorously (Fig. 3c) , throughout the entire 25 trial session. Propranolol-treated STs continued to approach and engage the lever-CS on the first 1-2 trials of the test session, but this behavior quickly waned. There were no significant differences between the propranolol and saline groups in the number of lever deflections or in the latency to approach the lever, during the first trial on day 8. But in STs treated with propranolol there was a progressive increase in the latency to contact the lever over the course of the session and a decrease in the number of lever deflections (Fig. 3c, d ). These data further support the contention that the CS retained predictive value in propranolol-treated STs, as it continued to evoke a ST CR in the first trial. Propranolol-treated STs were thus physically capable of making such responses. Importantly, the decreased lever deflections in propranolol-treated STs cannot be attributed to withinsession extinction as all trials were reinforced and the animals continued to retrieve and eat the food pellets upon lever retraction.
Exp. 5. Post-retrieval propranolol does not disrupt GT evoked by a tone-CS If a tone-CS is paired with food delivery all rats develop a GT CR [27] , even animals that have been screened and classed as STs [28, 29] . Furthermore, a tone-CS is a less-effective conditioned reinforcer than a lever-CS, suggesting it is not attributed with incentive motivational value to the same extent as a lever-CS [28] [29] [30] . Post-retrieval propranolol had no effect on the number of food cup contacts ( Fig. 4a-c ; no treatment × session interaction; F 2,29 = 1.159, P = 0.328), probability of a contact (no treatment × session interaction; F 2,42 = 2.586, P = 0.087), or latency (no effect of treatment; F 1,21 = 0.607, P = 0.445; no effect of session; F 2,42 = 1.360, P = 0.268) elicited by a tone-CS.
Exp. 6. Post-retrieval propranolol does not disrupt GT evoked by a tone-CS in rats identified as STs and GTs Post-retrieval propranolol injections did not decrease goaltracking to a tone-CS in rats previously identified as either STs or GTs (no phenotype × session interaction, contacts: F 2,31 = 0.310, Exp. 7. Post-retrieval propranolol decreases the ability of a lever-CS to engage brain reward regions in STs The acquisition of ST and GT behavior, and the behavioral effect of post-retrieval propranolol, are shown in Fig. S3 . During the final test session (day 13) the rats were exposed to 10 presentations of the CS only (no US), and 60 min later brains were obtained to quantify c-Fos+ cells in selected brain regions (Fig. 5) . Consistent with previous findings [21, 22] , the CS increased the number of cFos+ cells in the selected brain regions in STs, relative to unpaired controls and GTs (see SI). However, propranolol-treated STs had significantly fewer c-Fos+ cells than saline-treated STs in most brain regions examined.
Exp. 8. A tone-CS did not evoke c-Fos in brain reward regions
Presentation of a tone-CS failed to induce c-Fos in all of the brain regions examined in paired rats that had acquired a GT CR, relative to unpaired controls (see SI Fig. S4 and Table S1 ).
DISCUSSION
Disruption of memory reconsolidation impairs subsequent performance in a number of learning tasks and species [1, 9, 10, [31] [32] [33] .
In the case of Pavlovian fear conditioning, this is manifest by a reduction in the ability of a CS to evoke conditioned freezing behavior. This decrement in performance is often interpreted as a loss in the ability of the CS to evoke a representation of the US (the shock), because the memory of that association was erased (e.g., see [34] ). But as cautioned by Bouton and Moody [35] , "What an animal does in a conditioning experiment is not the same as what it knows. … Learning is not the same as performance. Motivation is required for the translation" (p. 663-664). An alternative interpretation, supported by studies in humans (e.g., see [10] ), is that knowledge of the association between the CS and US remains fully intact, but the CS no longer has sufficient emotional/motivational value to evoke a CR (also see [36] ).
Memory erasure or blunting of emotional/motivational impact? It is difficult to parse the emotional/motivational vs. predictive value of an aversive CS in non-human animals. In fact, these elements of memory are confounded in all previous studies of reconsolidation in non-human animals, complicating their interpretation. However, the ST/GT model allows us to investigate the extent to which variation in the emotional/motivational attributes of an appetitive Pavlovian memory contributes to individual differences in susceptibiliy to disruption of reconsolidation [6, 23, 24] . Variation in the form of the CRs that emerge during Pavlovian conditioned approach training is due, in part, to differences in the propensity of animals to attribute incentive salience to the CS, transforming the CS from a merely predictive stimulus into an emotionally and motivationally significant incentive stimulus [14] . An incentive is quantified by the extent to which a reward cue becomes attractive, desirable, and capable of invigorating seeking behavior [4, 37] . A lever-CS acquires the characteristics of an incentive stimulus to a greater degree in STs than in GTs, and in rats, a tone-CS, which evokes GT, is a less-effective incentive stimulus than a lever-CS [28] [29] [30] . Finally, food and drug cues influence neural activity in brain regions that control motivated behavior to a greater extent in STs than in GTs [20] [21] [22] 30] , and the acquisition and performance of ST, but not GT, is dopaminedependent [26, 38] . Given this information, why might post-retrieval propranolol have degraded performance of a ST CR, but not a GT CR? We suggest that propranolol degraded the emotional/motivational value of the lever-CS, while leaving the predictive relationship between the CS and US (the memory) intact. Evidence that propranolol did not erase memory include: (1) GT CRs were not disrupted, whether evoked by the lever-CS in GTs, or a tone-CS in all rats. As discussed above, performance of a ST CR is dependent on the CS being attributed with incentive salience, whereas performance of a GT CR is not. (2) Propranolol did not disrupt performance of a conditioned orienting response to a lever-CS, even in STs, suggesting that even in STs the CS-US association remained intact. (3) STs continued to show anticipatory approach behavior after propranolol treatment, further suggesting the lever-CS still had predictive value. However, after propranolol STs approached the lever-CS much less avidly, more slowly, and when they did engage they did so much less vigorously. (4) STs continued to quickly approach and engage the lever-CS on the very first trial of the test session after propranolol treatments (day 8), but as the session progressed the number of lever contacts dwindled and the latency to approach increased. The fact that STs continued to approach the lever-CS on the very first trial after propranolol is consistent with the idea that the CS retained predictive, informational value. That this behavior quickly waned suggests that the ability of the CS to generate emotional/ motivational "excitement", to act as a potent incentive stimulus, was much diminished (also see [36] ).
The interpretation that post-retrieval propranolol (and not nadolol) disrupted motivational, but not predictive components of memory is also consistent with our observation that propranolol reduced the ability of the lever-CS to engage brain regions that confer incentive value to reward cues in STs. Given the critical role of the motive circuit in the attribution of incentive value, the global decrease c-Fos across these brain regions after disruption of reconsolidation provides strong support for the specific susceptibility of emotional/motivational components of memory. Although the "motive circuit" is usually thought to mediate the expression of motivated behaviors (e.g., [37] ), our findings also suggest a potential role for these brain regions in the storage of motivational components of memory.
Our work extends and explains previous findings on differences in susceptibility of STs and GTs to reconsolidation. Blaiss and Janak [39] reported that disruption of reconsolidation failed to decrease GT behavior, and others (e.g., [40] ) reported a loss of discrimination between a food paired CS and an unpaired CS, but not a decrease in responding to the predictive CS. Other studies found that the conditioned reinforcing properties of an appetitive CS were attenuated after disruption of reconsolidation, and although this was interpreted as disruption of the associative properties of the CS [31] , it is equally consistent with the idea that the motivational, but not associative, properties of the CS were disrupted. Finally, Pasquariello et al. [41] recently reported that post-session propranolol prevented the acquisition of a ST CR, but not a GT CR. Together, these findings demonstrate that emotional/ motivational properties of memory are uniquely susceptible to disruptions of reconsolidation by propranolol, whereas predictive relationships are remarkably stable.
Together with the studies on fear conditioning by Kindt and colleagues (e.g., [10, 11] ), these findings suggest that the emotional/motivational properties of both appetitive and aversive Pavlovian memories are susceptible to disruption by propranolol. Whether this is true for other types of memory, and for other disruptors of reconsolidation remains to be tested. It is also notable that in our studies, affective properties of memory were sensitive to disruption despite commonly cited boundary conditions for reconsolidation (e.g., [42] ). Yet in our experiments, reactivation consisted of sessions identical to previous training sessions, with no alterations of context or cues providing information needing to be updated and no US omission to trigger prediction error. Other studies have demonstrated disruption of reconsolidation without prediction error (e.g., [43, 44] ), and there is variability in the boundary conditions proposed for reconsolidation to occur [45, 46] . Our findings suggest that the precise conditions during retrieval may determine not only whether memories become labile but also which components of memory become susceptible to disruption.
Implications for conceptualizing the structure of Pavlovian memories How might propranolol degrade the emotional/motivational component of a Pavlovian memory while leaving its ability to evoke other CRs intact? One possibility is that a CS may acquire separate associations with many different features of an US, including sensory, hedonic, motivational, temporal, and response features (e.g., see Fig. 1 in [47] ). STs may develop a stronger lever-CS-US motive association than GTs, and such an association may be weaker when a tone serves as the CS. Thus, if post-retrieval propranolol selectively disrupted a CS-US motive association, while leaving associations with other features of the US intact, this could explain the pattern of results reported here. However, why propranolol should disrupt the association between the CS and only one feature of the US is not clear.
Another possibility is that the incentive motivational value of a CS is not just an emergent property of a CS-US association, or due to a specific CS-US motive association, but requires a separate, modulatory process that values and revalues the CS dynamically as physiological state changes, even in the absence of new learning [48] [49] [50] [51] . For example, one computational model includes incentive salience as a gain factor, 'κ' [51] , which is independent from the associative value of a CS. In another model changes in ω, a variable that weighs which of two learning systems dominate control of behavior, can alter the tendency to sign-track or goaltrack, presumably in part by modulating incentive value [49] . None of these models perfectly capture the instantaneous changes in Pavlovian motivational value attributed to a CS as physiological state changes [48, 50] , but such formulations raise the possibility that the effect of post-retrieval propranolol involves modulation of a non-associative "gain" factor that confers emotional/motivational value to CSs. At this point it is not clear which account explains the specificity of the effect of propranolol on some CRs and not on others, but the present results certainly challenge the notion that post-retrieval propranolol simply erases memories (e.g., see [34] ).
Implications for the treatment of memory-related psychopathology Propranolol has been used as a treatment to relieve pathological effects post-traumatic stress disorder [52, 53] , as well as cravings elicited by stimuli in drug and alcohol addiction [54, 55] . However, the idea of "erasing memories" as a psychiatric treatment has spurred ethical concerns; one might imagine this treatment turning into a scenario in which people make the decision to erase memories to expunge their past ( [56] ; but see [57] ). If disrupting reconsolidation decreases the emotional/motivational impact of a memory without erasure, this may both mitigate some of these ethical concerns and increase its therapeutic potential for psychiatric disorders characterized by maladaptive memories.
